Introduction {#S1}
============

Impairment of cognitive function, especially memory, is a common and disabling problem in individuals with temporal lobe epilepsy^[@R1]^. Clinical and experimental evidence demonstrate that pathological network activity occurring between seizures, the most prominent of which is interictal epileptiform discharges (IEDs), contribute to this dysfunction^[@R2]--[@R8]^. The specific cognitive consequences of IEDs are entangled with numerous pathological phenomena and medication effects in these individuals. IEDs have been implicated in the development of cognitive deficits^[@R7]^ and various aspects of memory^[@R8]--[@R10]^. Yet, how hippocampal IEDs communicate with the neocortex and affect computation in target structures remains unexplored.

Effective hippocampal-cortical communication is required for efficient memory function^[@R11]--[@R13]^. Three patterns of network activity and their physiological coupling are critical for memory consolidation: hippocampal ripples, neocortical slow oscillations, and neocortical sleep spindles^[@R11]^. Hippocampal ripples are brief, high-frequency (100--200 Hz) oscillations that coordinate and replay sequences of ordered neural firing related to experience^[@R14],[@R15]^. Selective elimination of ripples severely impairs memory performance in rodents,^[@R16],[@R17]^ establishing their causal role in memory. Sleep spindles of non-rapid eye movement sleep (NREM) are lower frequency (9--16 Hz) oscillations generated within thalamocortical networks^[@R18]^ that are also associated with sequential replay of neural firing^[@R19]^. During NREM sleep, ripples temporally correlate with sleep spindles via the slow oscillation in the neocortex.^[@R20]--[@R23]^

The medial prefrontal cortex (mPFC) is a key structure in hippocampal-dependent memory processes^[@R24]--[@R26]^ that receives direct projections from the hippocampus via a pathway with bidirectional synaptic plasticity^[@R27]--[@R30]^. Co-activation of these structures, via temporal coupling of hippocampal ripples, neocortical slow oscillations, and spindles, is hypothesized to be essential for the consolidation of memory^[@R31]^.

Given the precise synchronization of oscillations and neural firing between the hippocampus and mPFC during NREM sleep^[@R31]^, introducing abnormal signals into this network could impair its function. Like physiological ripples, IEDs are enhanced in NREM sleep relative to wakefulness and REM (rapid eye movement) sleep^[@R32]^, with specific facilitating effects attributed to the slow oscillation and/or epochs of spindling activity^[@R33]--[@R35]^. We hypothesized that hippocampal IEDs compete with physiological ripples and disrupt communication between hippocampus and mPFC, thereby impairing memory consolidation. To test this hypothesis, we used a kindling model of epilepsy to analyze the effects of hippocampal IEDs on spatial navigation memory and coordination of hippocampal and mPFC oscillations in the freely behaving rat. We demonstrate that hippocampal IEDs reliably induce spindles in the mPFC, and that IED frequency and coupling with mPFC spindles are both correlated with the degree of memory impairment. This pathological hippocampal-cortical coupling is more robust than physiological ripple-spindle coupling, and is mediated by the consistent initiation of a cortical 'DOWN' state that occurs regardless of behavioral state. We found similar IED-spindle coordination in subjects with epilepsy, providing a possible mechanism by which IEDs disrupt physiological memory networks.

Results {#S2}
=======

Evolution of hippocampal-cortical coupling in a rodent kindling model of epilepsy {#S3}
---------------------------------------------------------------------------------

We performed daily neurophysiological recordings in male and female adult Long-Evans rats implanted with intracranial depth electrodes in the hippocampus and mPFC over the course of hippocampal commissure kindling. Induction of repeated, electrically-induced seizures ('kindling') is an established model of epilepsy that recapitulates numerous features of temporal lobe epilepsy, including chronic hyperexcitability of temporal lobe neurons, seizure semiology, associated comorbidities, and responsiveness to pharmacotherapy^[@R36]^. Kindling resulted in behavioral limbic seizures that became generalized over three weeks, with similar progression through Racine stages across animals (line plot; [Fig. 1a](#F1){ref-type="fig"}). Rats also developed spontaneous hippocampal IEDs after a minimum of five days of kindling ([Supplementary Fig. 1](#SD1){ref-type="supplementary-material"}), with greater IED frequency in NREM sleep than REM sleep and waking (bar graph; [Fig. 1a](#F1){ref-type="fig"}).

Since hippocampal-cortical coupling occurs during NREM sleep and IEDs are more frequent during this state, we identified characteristic NREM oscillations in the local field potential (LFP) of hippocampus and neocortex. Hippocampal ripples were detected in the pyramidal cell layer of the CA1 (cornu Ammonis 1) region^[@R37]^, and spindles were detected in the deep layers of the mPFC. In agreement with previous research^[@R22],[@R23]^, we found that hippocampal ripples tend to precede mPFC spindles ([Fig. 1b](#F1){ref-type="fig"}). Notably, IEDs in CA1 established strong temporal coupling with mPFC spindles ([Fig. 1c](#F1){ref-type="fig"}).

Spindle occurrence in the mPFC remained relatively constant over the 18 d course of kindling, whereas hippocampal ripples decreased significantly (*P* = 5 × 10^−9^) in all animals over this same period. An increase in IED occurrence paralleled the timeline of decreased ripple occurrence, although the incidence was lower than that of ripples and did not fully compensate the ripple decrease ([Fig. 1d](#F1){ref-type="fig"}). Kindling also modified characteristics of ripple oscillations, with a shift toward inclusion of both lower and higher frequency components ([Supplementary Fig. 2](#SD1){ref-type="supplementary-material"}).

Hippocampal IEDs impair memory {#S4}
------------------------------

To determine whether these kindling-associated changes in the hippocampus-mPFC network have functional implications, we assessed performance of rats on the cheeseboard maze ([Supplementary Video 1](#SD1){ref-type="supplementary-material"}). This task requires reward-based planning that involves prefrontal connections^[@R38]^ for which ripple-related replay of neuronal activity in the post-training consolidation period is essential for recall of learned reward configuration^[@R39]^.

Over the course of 35 trials in each training session, rats accurately and consistently navigated to the location of three hidden rewards before returning to the starting box. Memory was assessed in a five trial test session performed the following day in the same spatial configuration as the previous day's training session, followed by learning a new configuration. Because the reward locations were changed in each session, the rats were required to encode, consolidate, and subsequently retrieve a different memory for each session.

Each rat (*n* = 6) was tested across four phases: baseline, kindling, recovery, and artificial IEDs ([Fig. 2a](#F2){ref-type="fig"}). These phases were aimed at disentangling the effects of seizures and interictal activity on behavioral performance. In the baseline phase, all rats learned the schema ([Fig. 2b](#F2){ref-type="fig"}, left), and executed high levels of reward retrieval after an overnight consolidation period ([Fig. 2b](#F2){ref-type="fig"}, right). Rats were then kindled, using an alternate day protocol to minimize the effect of seizures on behavioral performance ([Fig. 2a](#F2){ref-type="fig"}). Task performance decreased over the course of kindling in all rats, despite intact learning during the training session ([Fig. 2c](#F2){ref-type="fig"}). This memory deficit was paralleled by increased IED and decreased ripple occurrence ([Supplementary Fig. 3](#SD1){ref-type="supplementary-material"}). To investigate potential long-lasting effects of seizures, we continued behavioral training and testing after kindling was completed. Performance improved across animals in this 'recovery' phase ([Fig. 2d](#F2){ref-type="fig"}), along with increased ripple occurrence, low residual IED rate, and no seizures. Subsequently, to simulate the effect of IEDs without inducing further seizure activity, we induced artificial IEDs (a-IED) by delivering single electric pulses to the hippocampal commissure^[@R40]^. During this a-IED phase, performance again decreased in all animals ([Fig. 2d](#F2){ref-type="fig"}). Memory performance in the kindled and a-IED phases was significantly lower than during the baseline and recovery phases (*P* = 9.8 × 10^−4^).

To specifically assess the impact of IEDs, we performed multivariate correlation of IED rate, IED-spindle coupling rate, ripple rate, and cumulative number of seizures with memory performance during the behavioral protocol ([Fig. 2e](#F2){ref-type="fig"}). As expected, ripple rate was positively correlated with performance^[@R39]^. IED rate and IED-spindle coupling rate were strongly negatively correlated with performance, while cumulative seizure number yielded a more variable negative correlation. Together, these results demonstrate that IEDs impair cognition and that IEDs during the consolidation period adversely affect memory.

Hippocampal IEDs induce mPFC spindles {#S5}
-------------------------------------

Since hippocampal IED-mPFC spindle coupling has a strong negative correlation with memory performance, we next aimed to quantify and characterize this interaction. During NREM sleep, hippocampal IEDs and mPFC spindles at their peak occurrence times were correlated within a narrow time window (average time offset from IED to spindle start = 410 ± 31 ms, across all animals; [Supplementary Fig. 4](#SD1){ref-type="supplementary-material"}), with IEDs consistently preceding the spindle oscillations. This temporal relationship was similar to the ripple-spindle timing, but much larger in magnitude and less variable across events ([Fig. 3a](#F3){ref-type="fig"}). Variability was quantified across trials of IED occurrence using a Fano factor, with IEDs inducing a significantly greater decrease compared to ripples ([Supplementary Fig. 5a--b](#SD1){ref-type="supplementary-material"}; *P* = 0.004). Correspondingly, spindles followed IEDs at a significantly higher probability than ripples ([Supplementary Fig. 5c](#SD1){ref-type="supplementary-material"}; *P* = 2 × 10^−4^). The strong IED-spindle coupling was also reflected in the substantial increase in trigger-averaged spindle-band power after IEDs versus the moderate increase in spindle-band power after ripples ([Fig. 3b](#F3){ref-type="fig"}). This power difference was quantified by comparing the mean change in mPFC power spectrum at spindle band before and after an IED or a ripple ([Supplementary Fig. 5e](#SD1){ref-type="supplementary-material"}; *P* = 3 × 10^−5^). The interval between ripple and spindle occurrence decreased in the kindled compared to unkindled state, though ripple-spindle coupling strength was similar ([Supplementary Fig. 5d--f](#SD1){ref-type="supplementary-material"}). These data suggest that hippocampal IEDs and ripples induce similar patterns of mPFC activity in NREM sleep, but IEDs are more potent.

We examined whether the IED-evoked mPFC spindles exhibited different oscillation characteristics than physiological spindles in normal rats, or spontaneous spindles in kindled rats. The average filtered spindle waveform was indistinguishable between the three conditions ([Fig. 3c](#F3){ref-type="fig"}), and small differences in the duration and peak frequency of the oscillations were not physiologically relevant ([Fig. 3d--e](#F3){ref-type="fig"}). Thus, the fundamental temporal and morphological characteristics of IED-evoked spindles are the same as physiological spindles. Further, mPFC neurons that displayed significant phase synchrony to spindle oscillations maintained similar phase preference regardless of whether the spindle oscillation was spontaneous or IED-evoked ([Fig. 3f](#F3){ref-type="fig"}).

Hippocampal IEDs evoke spindle oscillations across behavioral states {#S6}
--------------------------------------------------------------------

Physiological spindles are restricted to NREM sleep. Because IEDs occurred during all brain states, albeit at lower rates, we studied IED effects on mPFC during REM sleep and waking. Unexpectedly, hippocampal IEDs in REM and waking also induced spindle-like oscillations in the mPFC ([Fig. 4a](#F4){ref-type="fig"}). To characterize these spindle-like oscillations, we normalized mPFC spectrograms using a baseline spectrum from each state, and calculated a trigger-averaged spectrogram based on occurrence of hippocampal IEDs. Hippocampal IEDs induced strong, precisely timed increases in the mPFC spindle band power regardless of behavioral state. Comparison of the mPFC power spectrum before and after IED occurrence confirmed marked increases in the spindle band during each state ([Fig. 4b](#F4){ref-type="fig"}). Mean spindle-band power increased more in REM and waking states compared to NREM, largely due to the absence of spontaneous spindle activity in REM and waking states in the intact brain. The probability of spindle-like oscillations in the first second following an IED was significantly higher during REM than NREM ([Fig. 4c](#F4){ref-type="fig"}; *P* = 0.03).

We next compared the characteristics of the spindle-like oscillations generated across behavioral states. The median duration of spindles was shorter in NREM relative to REM, with waking oscillations having intermediate values; however inter-animal variability was evident ([Fig. 4d](#F4){ref-type="fig"} inset). The median peak frequency of spindle-like oscillations was significantly lower in REM than waking, a trend that was seen across animals, but the absolute difference was physiologically negligible ([Fig. 4e](#F4){ref-type="fig"}; NREM = 13.3 Hz, REM = 12.6 Hz, Wake = 13.4 Hz; *P* = 0.01). These data suggest that hippocampal IEDs elicit similar cortical spindle responses in all brain states, with subtle differences in the oscillation features that vary in magnitude across animals.

Hippocampal IEDs evoke mPFC spindles via induction of a cortical 'DOWN' state {#S7}
-----------------------------------------------------------------------------

We examined mPFC LFP and spiking activity during the time window between hippocampal IED and mPFC spindle to elucidate the mechanisms of this interaction. Averaging deep layer mPFC LFP traces revealed a prominent positive delta wave within 400 ms after IED occurrence in all behavioral states ([Fig. 5a--b](#F5){ref-type="fig"}). The spontaneous occurrence of delta waves during NREM elevated the baseline delta power above that in REM and waking as expected, but did not change the maximal delta power after IED occurrence. Hippocampal IED occurrence was associated with a consistent pattern of delta phase changes, as determined by deriving the continuous phase in this frequency band (2--5 Hz), and this pattern was similar in all states ([Fig. 5c](#F5){ref-type="fig"}).

Deep layer positive cortical delta waves are characteristic of cortical 'DOWN' states, which are associated with neuronal hyperpolarization and decreased spiking during NREM sleep and anesthesia^[@R41],[@R42]^. We constructed peristimulus time histograms from the average spiking of clustered putative mPFC pyramidal cells and interneurons, with the hippocampal IEDs as stimuli. In all states and for both cell types, hippocampal IEDs induced a marked decrease in neuronal firing within 200 ms, consistent with the LFP delta wave, followed by an increased discharge of the putative interneurons ([Fig. 5d](#F5){ref-type="fig"}). These results support the hypothesis that the synchronous hippocampal output generated by an IED can reset the mPFC slow oscillation phase, forcing a cortical 'DOWN' state characterized by an LFP delta wave and decreased neuronal firing. Recovery from this 'DOWN' state induces thalamocortical spindles^[@R18]^. Consistent with this notion, IEDs produce more profound changes in mPFC neural firing rates and gamma frequency (20--50 Hz) power than ripples ([Supplementary Fig. 6](#SD1){ref-type="supplementary-material"}).

We tested the hypothesis that synchronous hippocampal output can trigger the mPFC response by inducing a-IEDs^[@R40]^. In unkindled naïve rats, these a-IEDs consistently induced mPFC spindles only during NREM at high current intensity. In contrast, when similarly efficacious a-IEDs were applied in kindled rats increased spindle-band power was observed during NREM, and spindles were also generated in REM and waking ([Supplementary Fig. 7](#SD1){ref-type="supplementary-material"}). Thus, network changes associated with kindling modify mPFC circuits; one manifestation is facilitated expression of mPFC spindling in response to synchronous hippocampal output.

Temporofrontal lobe IEDs trigger cortical spindles in subjects with epilepsy {#S8}
----------------------------------------------------------------------------

Although the kindling model mimics many features of temporal lobe epilepsy^[@R36]^, not all pathological observations in kindled rats translate to humans. We analyzed sleep recordings from subjects with epilepsy implanted with subdural grid and strip, and depth electrodes for electrocorticography (ECoG) during surgical evaluation to assess possible temporal coupling between IEDs and cortical spindles. For each subject, an electrode with maximal IED amplitude was selected for IED detection. In three subjects, the IED electrode was located in the mesial temporal lobe structures, and in the fourth subject it was located in the frontal lobe ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Despite variability in the number and location of electrodes exhibiting IEDs across subjects, in each case the detected IEDs were associated with sleep spindles on a restricted region of the cortical surface. Further, electrodes with high IED-spindle correlation did not exhibit IEDs, indicating that spindle generation occurred remotely and was synaptically driven.

The IED-spindle correlation in humans was demonstrated by three methods: (i) detection of oscillations in the cortical LFP fulfilling criteria for spindles after IED occurrence ([Fig. 6a](#F6){ref-type="fig"}); (ii) spindle-band power increase after IED occurrence ([Fig. 6b](#F6){ref-type="fig"}); (iii) significant cross-correlation between IEDs and spindles. A correlation value was derived for each electrode based on the significance of its IED-spindle cross-correlation, and these values were plotted as a heat map across the pial surface to localize the correlated brain regions ([Fig. 6c](#F6){ref-type="fig"}). The location of correlated brain regions remained consistent across different days of recording in each subject. In all subjects, IEDs coupled with spindles in the superior, middle, and inferior frontal gyri ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). Although the frontal lobe contained a substantial percentage of correlation in all subjects, the anatomical distribution of correlation differed between subjects ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}). Similar to our observations in kindled rats, in subjects with epilepsy, IEDs were associated with a subsequent increase in delta power and resetting of the delta phase in cortical electrodes that exhibited high IED-spindle correlation ([Fig. 6d](#F6){ref-type="fig"}).

Overall, the coupling of IEDs with spindles via a cortical 'DOWN' state appears to be a common manifestation of a temporofrontal epileptic network in rodents and humans.

Discussion {#S9}
==========

We demonstrate that spontaneous hippocampal IEDs establish strong, precisely timed coupling between the hippocampus and mPFC by consistently interrupting ongoing network activity with an induced cortical 'DOWN' state and spindle oscillation in sleeping and waking subjects. IED-spindle interactions represent a generalizable feature of temporofrontal epileptic networks in rodents and humans. Further, hippocampal IEDs and their downstream coupling to spindles are correlated with impairment of spatial memory consolidation in rats. This pathological hippocampal-cortical coupling may impair cognition in individuals with temporal lobe epilepsy.

We found that kindled rats had impaired memory consolidation on a hippocampus-dependent reward-based planning task. The experimental design was tailored to assay the effects of IEDs on memory performance. We conclude that IEDs contributed to the consolidation deficit because: i) during kindling, memory for spatial information acquired the previous day was dramatically reduced, even though learning and recall were carried out \~24 hours after any seizure activity; ii) post-kindling and without seizures, performance recovered in parallel with decreased incidence of IEDs, refuting a permanent residual effect of seizures; iii) induction of a-IEDs during the consolidation period, without any seizure activity, reinstated a memory deficit; iv) memory performance errors correlated most strongly with IED frequency and IED-spindle coupling. These results extend previous findings that IEDs occurring during waking behavior can affect sensory processing^[@R43]^, and maintenance^[@R10]^ and retrieval^[@R9]^ of a short-term memory task.

Although previous experiments have reported correlations between IEDs and cognitive effects^[@R6],[@R7],[@R44]^, their role in memory consolidation has not been previously established. Animal models of temporal lobe epilepsy exhibit changes in hippocampal physiology, including lower coherence of place cells despite intact cell sequence reactivation^[@R45]^, altered phase precession^[@R46]^, and deficits in theta oscillations^[@R47]^. Our focus on hippocampal-cortical interactions revealed that IEDs provide a means by which such pathological activity can be communicated to downstream brain regions across behavioral states. Because hippocampal ripple-cortical spindle coupling is implicated in memory consolidation^[@R11]^, it is reasonable to hypothesize that IED-spindle coupling disrupts this process. This notion is supported by the significant correlation of IED-spindle coupling with poor long-term memory performance in our rats. However, causes of memory impairment in brain disorders are likely multifactorial, and determining the specific contribution of hippocampal-prefrontal coupling will require temporally-restricted manipulation of the neural network.

Our results suggest that IEDs interfere with both local hippocampal networks and synaptically connected cortical networks. In the hippocampus, ripples in the pyramidal layer of area CA1 are triggered by synchronous bursts in area CA3, and these high frequency excitatory oscillations sequence neural firing,^[@R48]^ allowing for efficient transfer of hippocampal information to the neocortex for memory formation^[@R14],[@R15]^. In contrast, IEDs synchronize neural firing over a short temporal window (\< 10 ms^[@R49]^), likely emerge from pathologically interacting neuronal clusters,^[@R50]^ and interfere with physiological sequencing of neural firing. Although ripples and IEDs compete for the same anatomical substrates^[@R14],[@R51],[@R52]^, they fundamentally differ in their spike pattern and content. These properties may explain the observed inverse relationship between ripple and IED occurrence during kindling.

Furthermore, we observed that IEDs exerted synaptically-driven effects on the mPFC, in support of previous observations that kindling can affect cortical circuits^[@R53],[@R54]^. IEDs induced strong, synchronized patterns of mPFC neural firing associated with expression of delta waves and spindles, regardless of brain state. Thus, IEDs facilitate expression of cortical oscillations in brain states that do not naturally exhibit these oscillations, like REM and waking. This pathological coupling may be of diagnostic value because spindles can be visualized in electrocencephalogram (EEG) recordings. Therefore, the appearance of spindles in the cortical EEG during waking or REM could suggest IEDs in mesial temporal areas, the occurrence of which is difficult to detect non-invasively.

Hippocampal IEDs are most frequent during NREM sleep^[@R32],[@R51]^ and their occurrence correlates with the slow oscillation and/or epochs of increased spindle band power^[@R34],[@R35],[@R55]^. Similarly, IEDs generated by focal application of penicillin in the hippocampus of urethane-anesthetized rats correlate with the phase of local slow oscillations^[@R33]^. Such correlations indicate that periods of high synchronization favor IED occurrence. By contrast, our findings in rats and humans demonstrate that IEDs can reset the phase of slow oscillations and induce spindles.

In the intact brain, focal cortical electrical or magnetic stimulation during NREM sleep can induce a delta wave, often followed by a spindle^[@R56],[@R57]^, similar to the physiological K-complexes of slow oscillations that induce thalamocortical spindles^[@R18]^. Thus, the simplest interpretation of our findings is that synchronous hippocampal output during IEDs mimics the 'stimulus' that evokes a cortical 'DOWN' state which is followed by a spindle; the stronger the hippocampal output, the higher the probability of spindle induction. Hippocampal IEDs likely mobilize an existing physiological process in neocortex via interaction with thalamocortical networks mediating sleep oscillations. The close resemblance of IED-induced spindles in kindled rats to spontaneously occurring spindles in normal rats supports this notion.

All of our human subjects with epilepsy exhibited temporal coupling between IEDs and spindles similar to rats, and the frontal lobe consistently demonstrated preferential coupling. The precise localization and strength of IED-spindle coupling varied across subjects, and our correlation measures were limited to regions where electrodes were placed for clinical purposes. This variability may result from the heterogeneous nature of our population in regards to location and number of seizure foci, and anatomical distribution of interictal activity across limbic and cortical structures. Further investigation in subjects with varied seizure foci and other variables can clarify whether IED-spindle coupling is characteristic of temporofrontal networks or a more general effect. The IED-induced cortical 'DOWN' state and coupled spindle activity supports observations showing alterations in the default mode network, including mPFC, during epileptic discharges^[@R58]^.

Long-term memory requires a prolonged consolidation period, believe to be mediated by three prominent network patterns: hippocampal ripples, neocortical slow oscillations and thalamocortical sleep spindles^[@R11]^. Our results show that in the epileptic hippocampus, the incidence of ripples is decreased, while IEDs are frequent. Thus, the coordinated spiking organized by ripples needed for memory consolidation is replaced by IEDs that may broadcast 'nonsense' information as highly synchronized population activity to the mPFC. The cortex responds to this potent stimulus by generating a 'DOWN' state and subsequent spindle, recruiting mPFC neurons into events that carry no learning-related information and thereby may compete with true informational events. All three hypothesized pillars of memory consolidation^[@R59]^ are therefore misused in the epileptic brain. Because IED-evoked spindles occur at a well-defined latency after an IED, this time window presents an opportunity for closed-loop investigations and therapeutics^[@R60]^.

Online Methods {#S10}
==============

Animal surgical procedure {#S11}
-------------------------

All animal experiments were approved by the Institutional Animal Care and Use Committee at New York University Langone Medical Center (NYULMC). Thirteen male and female Long Evans rats (200--350 g, 8--15 wks of age) were used for intracranial implantation. Sample size was estimated based on anticipated inter-animal neurophysiological variability, effect size of kindling on behavioral performance in previous studies, and low expected animal attrition. No rats were excluded from analysis. As each animal was tracked from baseline to kindled state, no randomization or blinding was utilized. Rats were kept on a regular 12h--12h light dark cycle and housed in pairs prior to implantation, but separated afterward. No prior experimentation had been performed on these rats. The animals were initially anaesthetized with 2% isoflurane and maintained under anesthesia with 0.75--1% isoflurane during the surgery. Silicon probes or tetrodes were implanted into right hippocampus (--3.5 AP, 3.0 ML) and right mPFC (+3.5 AP, 0.5--1.5 ML). Two tungsten wires with 50 μm diameter and 500 μm dorsoventral tip separation were attached together and implanted into the hippocampal commissure (--0.5 AP, 0.8 ML, --4.2 DV) for commissural electrical stimulation. Screws in the skull, overlying cerebellum, served as ground electrodes. The craniotomies were covered by Gelfoam and sealed using a 10:1 mixture of paraffin and mineral oil. Rats recovered for 4--5 days prior to initiation of experimentation. The hippocampal probe was then lowered to span layers of dorsal CA1 based on observation of key LFP features (e.g. ripples in the pyramidal cell layer). The mPFC tetrodes or probes were lowered to a depth of --3.5 DV, and correct placement was verified by observation of an extracellular postsynaptic potential (ePSP) in the mPFC recording following a population spike in the hippocampus elicited by delivery of a single pulse (0.1 ms pulse width, 25--100 μA) to the hippocampal commissure.

Neurophysiology data acquisition and processing {#S12}
-----------------------------------------------

Seven of thirteen rats were used exclusively for neurophysiological recordings. These recording sessions started at a fixed time each morning. During the recording sessions, rats were exposed to an enriched environment (large enclosure containing a wheel) for 20 min and then returned to their homecage for baseline sleep recording. A subset of animals underwent delivery of test pulses to the hippocampal commissure (a-IEDs). This stimulation consisted of 0.1 ms duration square pulses delivered once per minute for 20--30 min. Current was titrated in steps with at least 30 min of no stimulation separating each session of pulse delivery. Rats were then started on the kindling procedure. After exposure to the enriched environment, 1 hr of pre-kindling data was obtained. Kindling stimulation consisted of 2 s duration bipolar current pulses (60 Hz, 1 ms pulse width). Amount of current used was determined on the initial kindling day by titrating current in 25 μA increments starting at 25 μA (1 min separation interval between stimulations) until a hippocampal seizure greater than 10 s duration was generated. This current setting was used for the remainder of kindling. Kindling stimulation was delivered twice per day. 3--6 hr of post-kindling data was then collected. Rats that underwent a-IED induction in the pre-kindled state were then subjected to the same stimulation protocol in the kindled state, using a range of current intensities. Neurophysiological signals were amplified, digitized continuously at 20 kHz using a head-stage directly attached to the probe (RHD2000 Intan technology), and stored for off-line analysis with 16-bit format. Data were analyzed using MATLAB (MathWorks) and visualized using Neuroscope.

Behavioral protocol {#S13}
-------------------

### Animals {#S14}

Six of the thirteen implanted rats were used for behavioral experiments in addition to neurophysiological recordings. These animals were placed on a water deprivation schedule for 3--5 days prior to intracranial implantation for familiarization with obtaining water via a hand-held syringe administered by the experimenter. Rats were weighed daily during water deprivation to ensure that body weight did not decrease to \< 85% of pre-deprivation measurements. After the post-operative recovery period, rats were placed back on the water deprivation schedule for further behavioral training. Once consistent performance was attained, rats were sequentially advanced through 4 phases of the behavioral protocol: i) baseline -- 4--6 paired training/testing sessions; ii) kindling -- 14--18 d of kindling stimulation alternated with paired training/testing sessions; iii) rest/retraining/recovery -- 10 d of rest (water ad libitum and no behavioral sessions) followed by 5 d of retraining on the behavioral task without recording, and subsequently 3 paired training/testing sessions without stimulation; iv) artificial IEDs -- 2--4 paired training/testing sessions where a-IEDs were induced between training and testing. One animal was unable to complete the full protocol due to failure of the hippocampal probe during the recovery phase.

### Apparatus {#S15}

Behavior was tested on a cheeseboard maze, consisting of a 1.5 m diameter open circular arena that was painted a uniform green and stood 70 cm above the floor. A total of 177 water wells (7 mm in diameter, 3 mm in depth) were drilled 8 cm apart in the maze surface, forming evenly distributed, parallel columns and rows. One wall of the starting box (23 cm wide × 30 cm long × 48 cm high) functioned as a drawbridge that could be raised and lowered to control the rat's access to the maze ([Supplementary Video 1](#SD1){ref-type="supplementary-material"}).

### General task training {#S16}

Water-deprived rats were first familiarized with exploring the maze environment to obtain water. Initially, the rat was placed in the center of the maze and allowed to explore and retrieve multiple (\~25) randomly placed hidden water rewards. Over the next 3 d, the number of available water rewards on the maze was gradually reduced, and a trial structure introduced such that the rat received a food reward (0.5--1 Froot Loop) after successful retrieval of all water rewards. The rat was then trained to return to the starting box to obtain its food reward. After 2--4 d of this repeated procedure, the rat would consistently explore the maze to obtain three hidden water rewards and then return to the starting box to obtain its food reward. To prevent use of odor-mediated searching, the maze was wiped with a towel soaked in 70% ethanol and rotated by random degrees relative to the starting box between all trials. This phase of general training ended when the rat could complete 35 trials/d, with efficient retrieval of three rewards after the first 5--10 learning trials.

### Paired training/testing sessions {#S17}

After acquiring the scheme of the task, rats were started on the behavioral protocol, consisting of paired training/testing sessions each spanning 2 d. On the first of the two days, the rats learned the location of three hidden water rewards placed in randomly selected water wells over the course of \~35 trials (25 trial session, then \~1 h homecage rest, then 10 trial session). On the second of the two days, the rat was given a 5 trial probe test with water rewards located in the same location as the first day to assess memory for the spatial configuration of the reward locations. This test structure was chosen for two main reasons: i) it takes advantage of the rat's natural foraging behavior (efficient return to remembered reward locations, followed by exploration of other areas if rewards are not found at remembered locations, or reward locations are not remembered); and ii) rats require \> five trials to learn three new reward locations. The training for the next training/testing session was then initiated (\> 4 h after the testing session) with three different water reward locations. Training and testing sessions were monitored by an overhead video camera (10 frames/s), and tracking of the rat's location was facilitated by blue and red LEDs attached to its cap.

### Protocol phases {#S18}

During all phases, rats had neurophysiological recording in their home cage between training sessions (\~1 h), after the last training session (\~2 h), and after testing (\~2 h). In the baseline and recovery phases, no additional interventions were introduced. During the kindling phase, seizures were induced and recorded in the homecage. Rats were kindled using an alternate day protocol (one seizure on the first day, followed by 3--4 seizures every alternate day), such that behavioral training occurred on a day when *no seizure activity was induced*. Testing for this training session was performed the next day, and kindling stimulation was administered *after* the test session. In this way, behavioral training and testing occurred 24 h after seizure induction. Previous work has indicated that most seizure-induced changes in hippocampal physiology reverse within 24 h^[@R61]--[@R63]^. In this design, deficits seen on behavioral testing would therefore more likely reflect interictal (IEDs) rather than ictal processes. No neurophysiological recordings were performed in the rest and retraining phase. In the a-IEDs phase, repetitive stimulation was delivered to the hippocampal commissure (0.5 Hz, 500 μs pulse width) for the duration of the neurophysiological recording session between and after training sessions. Current was titrated to generate a hippocampal population spike in each animal.

### Behavioral analysis {#S19}

Behavioral performance was assayed using the animal's position in the tracking data. Learning performance was assessed by repeated, successful retrieval of all three rewards in \< 30 s in a given trial during the training session. Memory performance score was assessed in the test session by the number of rewards obtained in \< 30 s.

Rat LFP and spiking data processing {#S20}
-----------------------------------

Recordings were classified into wake, REM, and NREM epochs based on theta/delta ratio calculated from the power spectrogram in concert with a movement vector extracted from synchronized onboard accelerometer. Spindle detection was initiated by filtering a channel recorded from deep layers of mPFC between 10--20 Hz, rectifying, and normalizing the signal. Spindle events were identified when the envelope was at least two standard deviations (SD) above the baseline (for a minimum of 400 ms and a maximum of 3 s) and the peak envelope was at least 3 SD above the baseline. For ripple detection, the hippocampal LFP from the CA1 pyramidal layer was band-pass filtered in the ripple frequency range (100--250 Hz). The signal was then rectified and normalized. Ripple events were identified when the envelope was at least 3 SD above the baseline (for a minimum of 20 ms and a maximum of 100 ms) and the peak envelope was at least 6 SD above the baseline. IEDs were detected as follows: (i) band-pass filtering at 60--80 Hz and signal rectification; (ii) detection of events where the filtered envelope was \> 3 times above baseline; (iii) elimination of events with unfiltered envelope was \< 3 times above baseline. Filter frequency for IEDs was selected empirically, based on the strong power of the IEDs in this band combined with a lack of overlap with ripples or other large amplitude physiological events co-existing in this band. Because sharp transients (including IEDs) can produce oscillations after high frequency filtering that could be detected as ripples, all detected IEDs were cross-referenced with detected ripples, and any events detected as both an IED and ripple were classified as IED events only. Detected IEDs had waveforms consistent with characteristic IED events^[@R51],[@R52]^ ([Supplementary Fig. 1a](#SD1){ref-type="supplementary-material"}). All detections were visually inspected for accuracy for each recording session. Occurrence rates of all the above events were calculated based on the daily pre-kindling recording to prevent any influence of the transient post-ictal state induced by kindling.

Extracellular spikes were identified by amplitude thresholding after high-pass filtering (\> 300 Hz). The first three normalized principal components of the spike waveforms were input into KlustaKwik clustering program to generate putative single units. The clustering classification was manually inspected and refined using Klusters. Units were classified as pyramidal cells or interneurons based on waveform symmetry and mean wideband spike width^[@R64]^.

Histology {#S21}
---------

Rats were euthanized with sodium pentobarbital and perfused via the heart with 0.9% saline followed by 10% formalin. Whole brains were extracted and sectioned using a vibratome (Leica) to create 70 μm coronal slices. Slices were mounted on gelatin-coated glass slides, stained using a modified hematoxylin-eosin staining protocol, and cover-slipped. A light transmission microscope (Zeiss) was used to visualize and photograph the slices. Tetrode or probe location was reconstructed from adjacent slices.

Subjects with epilepsy LFP data processing {#S22}
------------------------------------------

Analysis of clinical subdural ECoG recordings was approved by the Institutional Review Board at New York University Langone Medical Center (NYULMC). Informed written consent was obtained from all subjects. Sleep ECoG recordings (three sessions per subject) were obtained from four male and female subjects implanted with subdural grid electrodes and depth electrodes as part of the work-up for epilepsy surgery. Sample size required (number of subjects and recording sessions) was extrapolated from results of animal studies. Subjects with multiple days of continuous high quality ECoG recordings that included temporal and frontal regions were pre-established to be eligible for the study. Subjects with diffuse cortical lesions were excluded. Four subjects meeting these criteria with readily available data were randomly selected for further analysis. As no experimental manipulation was performed, there was no blinding or randomization employed. Epochs of seizure activity were excluded from analysis. Crude determination of sleep epochs was performed by extraction of a motion vector from video files in concert with delta/gamma ratio from the power spectrogram. ECoG data was imported into Matlab and resampled from 512 to 1250 Hz for analysis. Spindle detection was performed on each channel as in the rat, although SD thresholds were increased to accommodate the noisier recording quality (3 SD start; 4 SD peak). Electrodes chosen for IED detection were clinically verified to contain IEDs, and demonstrated maximal amplitude among neighboring electrodes. IED detection was also performed as in the rat, with modifications: (i) band-pass filtering was performed at 25--80 Hz to account for the wider waveforms of IEDs observed; (ii) thresholds were adjusted to two times above baseline; (iii) IEDs occurring within 1 s of another IED were excluded to prevent over-correlation due to a run of IEDs. Detected IEDs had waveforms consistent with typical interictal spikes and/or sharp waves ([Supplementary Fig. 1b](#SD1){ref-type="supplementary-material"}). All detections were visually inspected for accuracy for each recording session. Localization of grid and depth electrodes was performed based on reconstruction of subject specific pial surfaces, co-registration of pre- and post-implant MRI images, a combination of manual and automatic localization of electrodes, and subsequent co-registration to a standard template brain^[@R65]^. The gyral location of electrodes was determined based on cortical parcellation using the Desikan-Killiany atlas^[@R66]^.

Statistics {#S23}
----------

Statistical analysis was performed using a combination of freely available, online Matlab toolboxes (Freely Moving Animal Toolbox; <http://fmatoolbox.sourceforge.net>), and custom Matlab code. Spectrograms were generated using wavelet transformation (Gabor) and power spectrums were calculated as mean ± standard error of the mean (s.e.m.) over trials. The instantaneous LFP phase was extracted by Hilbert transform. Significant changes in event occurrence over time were tested using a non-parametric monotonic trend test (Man-Kendall tau with Sen's method). Significance of cross-correlograms was calculated using a modified convolution method^[@R67]^. IED or ripple times were taken as cross-correlogram reference. Units were deemed to have phase-locking to spindle oscillations when α \< 0.05 and κ \> 0.1 on Rayleigh is test of non-uniformity. Probability distributions were compared using two-sample Kolmogorov-Smirnov tests with correction for multiple comparisons. Differences between groups were calculated using non-parametric ranksum (Wilcoxon) or ANOVA (Kruskal-Wallis with Bonferroni correction) depending on the nature of the data analyzed. Correlations were calculated using a correlation coefficient matrix based on the covariance of input variables. Error bars represent s.e.m. Significance level was *P* \< 0.05.
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![Occurrence, detection, and coupling of hippocampal and mPFC oscillations during kindling. (**a**) Occurrence of IEDs in NREM, REM and Wake (bars) and increase in Racine stage (line) during kindling. Error bars = Mean ± s.e.m.; *n* = 4 rats. (**b**) Raster plot of mPFC spindles (blue) and hippocampal ripples (purple; scale bar = 10 s). Sample recorded ripple (black; Or = stratum oriens, Pyr = stratum pyramidale, Rad = stratum radiatum; scale bar = 30 ms). Raw LFP of detected ripple (purple; scale bar = 100 μV, 50 ms) with filtered (100--250 Hz), rectified version (bottom left; s.d. = standard deviation). Raw LFP of detected mPFC spindle associated with ripple (blue; scale bar = 100 μV, 500 ms) alongside filtered (10--20 Hz), rectified version (bottom right). (**c**) Raster plot of mPFC spindles (blue) and hippocampal IEDs (orange) after 14 d of kindling (scale bar = 10 s). Averaged spectrogram of hippocampal IED (scale bar = 500 ms). Raw LFP of detected IED (orange; scale bar = 200 μV, 100 ms) with filtered (60--80 Hz), rectified version. Detected mPFC spindle evoked by IED (blue; scale bar = 100 μV, 500 ms). (**d**) Occurrence of ripples, spindles, and IEDs in NREM sleep over 18 d of kindling. Error bars = Mean ± s.e.m.; *n* = 4 rats. Occurrence of spindles has a non-significant trend toward decrease over time (Mann Kendall tau (*τ*) = --0.16; *P* = 0.065; Z-test) whereas ripples decrease significantly (*τ* = --0.52; *P* = 5 × 10^−9^) and IEDs increase (*τ* = 0.65; *P* = 5 × 10^−12^).](nihms769083f1){#F1}

![Hippocampal IEDs impair memory. (**a**) Schematic of behavioral protocol (b = baseline, k = kindling, r = recovery; a = artificial IED). (**b**) Sample baseline behavioral performance. Five overlaid rat trajectories (red) and consummatory periods (blue) for the last five trials of a training session on the cheeseboard maze (left) and the five trials of the corresponding test session 24 h later (right). (**c**) Sample behavioral performance at the end of kindling; conventions as in (**b**). (**d**) Memory performance score on test sessions across the behavioral protocol. Different colors represent scores of individual rats (*n* = 6 for baseline, kindle; *n* = 5 for recovery, a-IEDs). One rat was unable to complete the recovery and a-IEDs phases due to breakage of the hippocampal probe (Kruskal-Wallis ANOVA *P* = 3.6 × 10^−10^; Bonferroni correction; baseline/recovery vs. kindle *P* = 3.7 × 10^−10^; baseline/recovery vs. a-IED *P* = 9.8 × 10^−4^; kindle vs. a-IED *P* = 0.4). (**e**) Multivariate correlation of IED rate, IED-spindle coupling rate, ripple rate, (all in events/s) and cumulative number of seizures with memory performance score. Different colors represent correlations for individual rats (*n* = 5; one animal was eliminated from this statistical analysis due to inability to detect ripples throughout behavioral phases).](nihms769083f2){#F2}

![Correlation of hippocampal IEDs and ripples with mPFC spindles. (**a**) Cross-correlation of IEDs and spindles (left; *n* = 47 sessions from four rats; 15,441 IEDs, 37,835 spindles). Cross-correlation of ripples and spindles (right; *n* = 11 sessions from four rats; 19,109 ripples, 5,919 spindles; red lines = 95% confidence intervals). (**b**) Averaged mPFC spectrogram following hippocampal IED (top left) or ripple (top right; same power scale; scale bar = 200 ms). Averaged power spectrum (bottom; mean ± s.e.m.) before (blue) and after (green) IED or ripple. (**c**) Average filtered spindle waveform in unkindled rats (baseline, B, blue), spontaneous spindle in kindled rats (spontaneous, S, red), and IED-evoked spindle in kindled rats (evoked, E, green; scale bar = 100 μV, 200 ms; *n* = 500 spindles for each group from four rats). (**d**) Probability distribution of duration across spindle types. Inset: changes in mean (open circle) and median (open square) spindle duration in each rat (separate color) across spindle type (box plot tails = 25^th^ and 75^th^ percentiles; Kruskal-Wallis *P* = 1.0 × 10^−7^; B vs. S *P* = 6.4 × 10^−8^; S vs. E *P* = 0.002 (Bonferroni correction); *n* = 1,074 baseline spindles, 1,236 spontaneous spindles, 1,071 evoked spindles from four rats). (**e**) Probability distribution of frequency for spindle type with changes for each rat (inset). Conventions and *n* are as in (**d**); *P* = 0.04; S vs. E *P* = 0.04. (**f**) Scatterplot of significantly phase-locked putative mPFC single units to IED-evoked spindles (E) vs. spontaneous spindles (S; Spearman's rho = 0.52; *P* (Fisher R to Z) = 3 × 10^−6^; *n* = 74 units from four rats).](nihms769083f3){#F3}

![Hippocampal IEDs trigger mPFC spindles in all behavioral states. (**a**) mPFC (red) and hippocampal (blue) LFP with accelerometer trace (black) demonstrating an IED-evoked spindle in each behavioral state (scale bar = 500 μV, 1 s; traces from two rats). (**b**) Average normalized spectrogram in mPFC following hippocampal IED. Averaged mPFC power spectrum before (blue) and after (green) IED (inset; mean ± s.e.m.). (**c**) Change in mPFC *z*-scored spindle power before vs. after hippocampal IED (dark colored bars; Kruskal-Wallis *P* = 7.2 × 10^−7^; NREM vs. REM *P* = 4.3 × 10^−5^; NREM vs. Wake *P* = 6.1 × 10^−6^; (Bonferroni correction); *n* = 17 NREM, 14 REM, and 14 Wake sessions from four rats). Probability of mPFC spindle following hippocampal IED across states (light colored bars; Kruskal-Wallis *P* = 0.04; NREM vs. REM *P* = 0.03; (Bonferroni correction); *n* = 67 NREM, 98 REM, and 53 Wake sessions from four rats; \* = *P* \< 0.05). (**d**) Probability distribution of IED-evoked spindle duration in NREM (blue), REM (green), Wake (magenta). Changes in mean (open circle) and median (open square) spindle duration in each rat (inset; separate colors) across states (box plot tails = 25^th^ and 75^th^ percentiles; Kruskal-Wallis *P* = 2.0 × 10^−4^; NREM vs. REM *P* = 1.1 × 10^−4^; (Bonferroni correction); *n* = 220 NREM spindles, 193 REM spindles, 207 Wake spindles from four rats). (**e**) Probability distribution of IED-evoked spindle frequency in each behavioral state (Conventions and *n* are as in (**d**); *P* = 0.01; REM vs. Wake *P* = 0.01).](nihms769083f4){#F4}

![Hippocampal IEDs trigger cortical 'DOWN' states in the mPFC. (**a**) Averaged raw mPFC LFP in time window bordering hippocampal IED (dashed line) in each behavioral state (blue = NREM, green = REM, magenta = Wake; scale bar = 400 μV, 1 s; *n* = 40 traces from each state in one rat; similar findings in all other rats). (**b**) Average mPFC delta power (mean ± s.e.m.) in each behavioral state (time window, colors, *n* as in (**a**)). Delta power in REM prior to IED was used as adjusted baseline. (**c**) Stacked mPFC delta phases (2--5 Hz) in time window bordering individual hippocampal IEDs (rows) across states (blue = --pi, red = pi; scale bar = 50 trials, 500 ms; *n* = 259 NREM, 268 REM, 236 Wake IED trials from one rat; similar findings in all other rats). (**d**) Average peri-event firing rate histograms of representative putative mPFC pyramidal cells (left) and interneurons (right) in the time window bordering hippocampal IED (time zero; colors as in (**a**); *n* = 405 pyramidal cells and 22 interneurons from sample rat).](nihms769083f5){#F5}

![IEDs in subjects with epilepsy trigger cortical spindles. (**a**) LFP from IED electrode (upper; depth electrode in parahippocampal gyrus) demonstrating typical IED and subdural cortical electrode (lower; grid electrode in frontal cortex) demonstrating time-locked spindle. Grid shows *z*-scored spindle band power across cortical ECoG array triggered on above IED (occurrence time indicated by dashed line). White channels are nonfunctional (scale bar = 100 μV, 200 ms; duration of each grid LFP trace = 1.6 s). (**b**) Average spectrograms triggered on IED occurrence (orange box) for IED electrode (upper panel; sample IED LFP in orange), and a representative cortical grid electrode (lower panel; red box = time of spindle; scale bar = 1 s; *n* = 798 IED trials from one subject; similar results for all other subjects). (**c**) Schematic of ECoG grid and strip placement (each square = one recording electrode) on the projected pial surface of four subjects with epilepsy (high IED-spindle correlation = warm colors; low correlation = cool colors; Corr = normalized correlation). Cross-correlograms for high, intermediate, and low correlation electrodes from a sample subject on the right (three sessions for each of four subjects; total of 3,969, 2,077, 1,035, and 1,240 IEDs). Red '\*' shows location of IED electrode. (**d**) Stacked trials of delta power (left) and delta phase (right) in a cortical electrode centered on IED occurrence (blue = --pi, red = pi; scale bar = 25 trials, 500 ms; arrowhead = time of IED; *n* = 477 IED trials from one subject; similar results for all other subjects).](nihms769083f6){#F6}
